INTRODUCTION TO RANGE-DATA AND IMAGE-BASED SYSTEMS
This research comes from the need to find accurate solutions in the survey discipline, currently subject to the technological development and the automated procedures. The paper concerns a research activity that investigates Survey issues through different instrumentations and software. Most of the survey techniques used in archaeology and architecture are focused on range-data (laser scanning) and image-based systems (digital photogrammetry).
Although the results being similar (point clouds), the two methods are based on completely different geometric principles. Laser scanning systems are based on the principle of "polar" acquisition. The instrument is able to collect an accurate and detailed amount of 3D information in a specific time, rotating 360 degrees around the vertical axis. The results are point clouds with 3D coordinates, the reflectance information and the RGB value ( Figure 1 ) [1] .
Image-based systems are based on the geometric principle of the space forward intersection. The system is able to collect 3D information of a subject using algorithms for the automatic recognition of the homologous points between two or more images (perspectives) [2] . Through this method it is possible to carry out point clouds similar to those of a laser scanner with colorimetric value associated, taken directly from the camera sensor (but without reflectance information, Figure 2 ).
The main difference between the two systems consists in the structure of the data [3] . Laser scanning systems are made up of structured data, included in a regular grid with known characteristics such as the exact number of rows and columns of the point clouds, the coordinate of the points, the reflectance information and the RGB value taken from a sensor built in the scanner (where provided). For each scan the projection centre is exactly known, recognized as the source of the laser beam. During a pre-processing step this characteristic allows to remove noise from the data and to add further information such as the orientation of the main planes (local tangent planes).
Image-based systems are made up of unstructured data, not included in a regular grid due to the different principle of the geometric reconstruction based on the epipolar geometry [4] . This particular geometry is able to establish a relation between a couple of images. Consider two different frames and a point P in the space. The point P generates two homologous projections on the corresponding frames. In order to create the adequate relation the corresponding images of the projection centres (epipoles or epipolar points) are defined on the frame. The epipolar plane is identified from the base and the collineation lines. The intersections between the epipolar plane and the two image planes are called epipolar lines. The image of the homologous point of the other frame lies on the epipolar lines.
The unstructured point cloud is characterized only from the coordinates of each point and the related RGB value. As known, the physical characteristics of the subject can influence the resolution and the uniformity of the results so that the points are irregularly distributed [5] . From the point cloud it is only possible to calculate the different position of each camera frame (external orientation) and not a single projection centre. Due to these characteristics no further information can be added.
The paper aims to highlight a different methodological approach in the investigation and processing procedures of the numerical data. The idea was to study different methods of data acquisition and integration between laser scanner and digital photogrammetry, comparing the final results performed through the innovative procedure.
The survey pipeline can be divided in four main steps [6] : -The acquisition of the subject; -The processing of the numerical model; -The reconstruction of the surfaces (mesh); -The bi-dimensional (2D) representation; The experimentation was focused on the first two steps of the pipeline (acquisition and processing). These two phases evidence some questions that often are not considered during a survey and that are important for the final representation and the accuracy of the project. Most of the projects are currently based on the integration among different survey techniques to reach a deep knowledge of a subject and a complete numerical model for further processing.
The question is whether we are able to properly combine data from a laser scanner and digital photogammetry in a survey project and which is the right procedure for performing the best results. The idea was to systematize the "virtual matching" between the point clouds in order to define a different and rigorous procedure useful for the archaeologist and architects.
THE INTEGRATED SURVEY
Until few years ago survey methods (in archaeology and architecture) were usually based on the integration between laser scanner (Time Of Flight, Phase-Based) and topographic systems (total station and/or Global Navigation Satellite Systems). With the aid of a total station, closed traverses were performed in order to register the scans of a survey project and to decrease the spread error of each scan of the laser. The entire scan project was registered through the use of planar targets (more recently spherical targets), the Ground Control Points (GCPs; Figure 3 ) [7] , [8] . Precisely each single scan of the laser behaves like the main nodes of a total station, due to the same principle of acquisition (polar), indeed the difference consists only in the number of collected points. In topography each node of the closed traverse suffers from a spread error that must be compensated with known formula (angular and distance compensation). The approach with the GCPs allowed to reduce the mutual position of the scans in the reference system, controlling the registration error of the final survey [9] .
Recently a series of algorithms for the correct mutual position of the scans have been implemented (C2C Registration). Such algorithms are known as Iterative Closest Points (ICPs) [10] , [11] .
Despite they have been already developed in the 90's, different implementations have made them common for the software of 3D point clouds managements. Since their developing many variants have been implemented in these years in the different phases of the algorithms but this part is not included in the paper. After a pre-registration step, performed manually, ICPs are able to move a point cloud over another point cloud (the reference one) on the basis of thousands of points (from 5.000 to 20.000 and over), thus reducing the final overlapping error. The ICP algorithm works with laser scanner data and, where present, the GUI (Graphic User Interface) is composed by different values that can be changed by the user (Figure 4) .
In order to satisfy the algorithm two structured scans have to be pre-registered manually on the basis of 3 or more points. The mutual starting distance between the scans can influence the quality of alignment and the number of iterations. Most of the software for point clouds management employs the ICP tool with different characteristics ( Figure 5 ).
This approach allowed to change completely the procedure during the acquisition step. At present, it is more important to have a good overlap (60 %) among the subsequent point clouds in order to satisfy the requirements of the ICP algorithms. The ICP registration allows to reduce the spread error up to a few millimetres, effectively excluding the topographical survey (the use of topography depends also on the case study, considering the extension and complexity of a building). The risk is that the acquisition of the GCPs with a total station would increase the registration error among the scans.
In this way the topographical approach could be used only for georeferencing different scan projects in the same reference system. The next step consists in the bundle adjustment step, a further processing that redistributes the remaining errors among the entire scan project.
THE ALTERNATIVE PROCEDURE
One of the main issues of the processing step concerned the matching of two point clouds from different data sources (laser scanning and digital photogrammetry) within a same reference system (local or global). The idea was to reconstruct a numerical model that was the result of acquisitions performed with different techniques, maintaining a final good quality.
For that reason an alternative procedure that integrated the two data sets has been developed, exploiting the properties of ICP algorithms. For the experimentation point clouds were used instead of surfaces (mesh), considering the surface reconstruction as an interpolation that could modify the position of the points [12] . The resolution and the accuracy of the point clouds depend on the intrinsic characteristics of the instrument used (laser or camera), the environmental situation, the position of the instruments in a survey project and the acquisition method used [13] . Furthermore for the image-based system it is essential to apply a proper data capture by using two possible different methods for avoiding incorrect results (convergent or parallel acquisition).
As known, data from image-based systems are not scaled (when they are not stereoscopic) and the referencing step can be performed on the basis of some points picked directly on the point clouds of the laser scanner or with the aid of a total station. This procedure allows to scale the unstructured model and reference the clouds in the same coordinate system. The positioning error depends on many factors such as the choice of the points (the geometric disposition) and the different resolution of the two compared numerical models ( Figure 6 ). Same points can be described with a different number of pixels.
Despite the error appears to be low in the chosen points, in other areas the overlap may be incorrect. This evaluation can be displayed by the mean squared error and comparing the absolute distance between the two clouds.
The pipeline of the suggested procedure is shown below: -Range data (laser scanner) acquisition of a subject; -Image-based data (digital photogrammetry) acquisition of the same subject from different points of view for integrating the shadow areas; -Scaling of the image-based system using reference points of the laser scanner, evaluating the general registration error (MSE); -Transformation of unstructured data (digital photogrammetry) into structured data through the Vitual Scan tool;
-Fine Registration Cloud to Cloud (ICPs); -Evaluation of the error comparing the absolute distance with the numerical model of the laser before and after the procedure;
-Surface reconstruction (mesh process); -Generation of different 2D representations. The acquisition is the first step of the pipeline. The Laser was set up for recognising data at high quality, maintaining a 60 % of overlap among the scans.
In order to have defined images and a good field depth the camera settings were modified by using automatic shutter, diaphragms at f11/f14, ISO sensibility at 100 and infinity focusing.
As mentioned above in order to match the two data sets, points of the laser scanner were used to scale the model of digital photogrammetry. The accuracy of the transformation depended on the number of points taken, on their geometric disposition on the model and the adequate registration in the same position [14] . This part of the classic employed process is without doubt correct but differences in overlapping can be evidenced comparing the two clouds. These errors depend probably on the dimension of the subject and they can influence the step of the surface reconstruction (meshing process).
The innovation of the procedure consisted in the application of ICP algorithms between two different data sources for the correct matching of the point clouds. In order to accomplish this process unstructured data (image-based) were transformed into structured data such as the laser scanner. This transformation was carried out through a simple tool known as Virtual Scan, developed by Gexcel (JRC Reconstructor) [3] , [15] . This tool allows to make a virtual scan of a subject in the virtual space. Once an orthographic camera that includes the numerical model is established, the whole point cloud can be acquired at a specific resolution, such as a laser scanner. At the same time a spherical or a cylindrical camera can be created in any virtual position, simulating the same movement of a panorama scanner (Figure 7 ). For instance, by using the spherical camera, the tool allows to register a real equirectangular grid (360×180) composed by digital photogrammetric points without altering their position (a graphic card assembled on the computer can influence the resolution and reduce the processing time).
In this way it is possible to create a new structured 3D numerical model of the subject with the same characteristics of a point cloud taken with a laser scanner in any virtual position. The new structured model contains fewer points than the original, but the main advantage consists in the possibility to apply the pre-processing algorithms to photogrammetric data (noise reduction, local tangent plane and the orientation discontinuity).
This particular process gives the same characteristics of the laser scanner to the (unstructured) point cloud, necessary for the ICP data registration. Knowing the exact projection centre of the new cloud (spherical, cylindrical or "orthographic") software is able to pre-process data also conferring new information such as the orientation of the local tangent planes. After a manual alignment between the two scans, the fine registration can be performed with the ICP algorithms that will find the best position between the two point clouds. The algorithm finds the best position calculating the final error, iterating the process different times and roto-translating the mobile cloud over the reference one.
The next step consisted in the evaluation of the overlapping error by measuring the distance between the two clouds before and after the ICP registration. Cloud Compare software was used to inspect the distance and evaluate the results. Different maps have been created in order to compare the numerical models and appreciate the final error (laser scanner model, digital photogrammetry model, ICP digital photogrammetry model). 
THE EXPERIMENTATIONS
The experimentations were carried out on different subjects, at different scale, in order to verify the suitable procedure. The acquisition was performed with a phase based laser scanner Faro 120 (distance accuracy up to ± 2mm at 130 m) and with a Canon Eos 5D Mark II, with 28/50 mm fixed optic lens.
The survey concerned two historical fountains in Rome (The Facchino's Fountain, The Fountain of Piazza Nicosia), the first span of the Upper Church of the Benedictine Monastery of Subiaco, the main front of an historical building in the Coppedè district (Palazzi degli Ambasciatori, Rome), and the main façade of the Palace Tomb in Petra.
The Facchino's Fountain in Rome
Facchino's Fountain represents a little monument preserved in Rome useful for the analysis of freeform surfaces. The face and the chest of the sculpture are very articulated and partially damaged. Two scans at very high resolution (indoor 20 m, laser beam iteration 4×) were performed and about 10 images from a tripod were shot (2 m from the statue). For the face additional images were taken closer to the statue. The numerical model of the laser was composed by 10 million of points while the numerical model of the image-based system was composed by 11 million of points. With the classical method the mean squared error of the projected points from the laser was 0.0035 m. Despite the small error, after the Virtual Scan transformation the ICP procedure was able to further reduce the value to 0.0015 m. Comparing the clouds different distribution of the error can be noticed before the ICP registration and after (Figure 8 ). Blue colour evidences the exact correspondence of the clouds while green colour evidences a major distance between the clouds included in a threshold of 0.007 m. The figure shows also the best fitting of the clouds where the green colour is well distributed on the sculpture maintaining the constant error.
The next figure (Figure 9 ) shows the histograms of the approximate distances of the points between the analyzed clouds with the "classic" georeferencing mode and after the ICP processing. The ICP approach reduces considerably the distance among the points, moving them in the first 2 classes of the table (Class 1 between 0 m and 0.0008 m -Class 2 0.0008 m and 0.0016 m).
Independently from the applied procedure (classical or innovative) a mismatching between the clouds can be noticed (mainly on the sculpture) and it depends on the reconstruction algorithm (Structure from Motion) of the photo-scanning system related to the laser scanner [16] .
Another experimentation was made with a stereoscopic system, using only 3 images. Stereoscopy is a very useful technique to scale the object without any other measurement. The known distance between the three cameras and the distance from the subject allows to have metric information. The accuracy depends on the relation between the distance from the subject and the mutual distance of the three cameras. In this case, with a baseline of 200 mm and a distance from the statue of 1.5 m, declared accuracy of the numerical model was between 0.41 mm and 1.64 mm [17] , [18] . The point cloud was composed by 1.5 million points and the GCPs from the scanner were used only for georeferencing the model in the same local system to view the differences. The starting error between the two models was 0.005 m. The numerical models were aligned cloud to cloud through ICP algorithms to improve the correct position of the photogrammetric model. Most of the points are aligned with an error of 0.001 m. Despite the stereoscopic system gives information about the accuracy of the numerical model, the result seems less accurate than the multi-stereo model.
The Fountain of Piazza Nicosia in Rome
The fountain represents an example of a round subject, useful to check how the algorithm behaves in different conditions, considering the complexity of the shapes characterized by 4 symmetric mythological dolphins.
As in the previous example a scan project was organized in order to acquire the whole historical subject [19] . The regular geometry of the fountain allowed to position 8 scans at high resolution (indoor 10 m, laser beam iteration 4×). The 8 scans were merged into a single point cloud due to the shape of the baluster and to have a complete subject. The merging process among different structured scans generated a new unstructured point cloud with the same characteristics mentioned in Section 2. To avoid the problems of unstructured data, the numerical model was turned into structured data using a virtual cylindrical camera with the main axis positioned in the centre of the baluster and with a height of 1 m. The virtual scan produced a new grid cloud composed by 7.2 million points as the result of the imposed resolution (7200×1000). The new point cloud was used as the reference model in the distance evaluation. Simultaneously, a photogrammetric project was arranged on the central baluster of the fountain using 20 images with a 50 mm optic lens. The numerical model of the image-based system was composed of 7 million points.
5 GCPs on the entire surface were identified in order to overlay adequately the two models and with a projection error of 0.001 m (Figure 10 ). The cylindrical virtual camera (the same as the laser) was used to transform image-based data into a structured model.
The ICP procedure was able to further reduce the accuracy value down to 0.0008 m.
The figure shows the result before and after the ICP algorithm application (Figure 11 ). In order to compare the differences on the tests and to have a planar projection, the numerical models were unrolled on the z axis and with the ratio of 1. Although most of the points are in the threshold, prior defined in 0.01 m, in the first processing the points are irregularly distributed over the surface (0 is blue and 0.01 is red); some areas of the baluster match better than other, in particular some problems occurred in the shape of the mythological dolphins. In the second data processing (ICP model) the average distance was reduced (0.0008 m) and the points are well distributed on the entire sculpture. Cylindrical projection allowed to get a single grid model useful for the evaluation of the entire surface of the historical fountain, but the main problem consisted in the impossibility to view the shadows of the subject already surveyed due to the infinity direction of the projecting rays. For that reason the numerical model of the laser should be used only to match correctly the position of the baluster in the entire fountain and eventually replaced with the ICP image-based model.
The Benedictine Monastery of Subiaco
The third experimentation concerned the first span of the Upper Church of the Benedictine Monastery of Subiaco. The application was performed for an interior subject characterized by a complex architecture. In particular the example was used to visualize the correspondence for the cross vault, positioned at 7 m from the ground, in order to analyze one of the most important cases of an unfinished vault in the history of the Architecture.
The numerical model of the laser was composed by 25 million points, while the numerical model of the image-based system was composed of 17 million points. The referencing step was aided by the presence of the painted frescoes. In particular, the eyes of the characters of the holy representations have been the reference points between the two different numerical models. 16 points were used to reference the imagebased model on the laser with a projection error of 0.0035 m. Despite the low error the absolute distance evidenced a different position of the two models. Once established a threshold of 0.01 m, differences emerged in the position of the rib vaults. Being an interior space the data of the image-based system were transformed to structured data from the same projection centre of the laser, using a spherical camera to acquire the same data window [20] .
The resolution was set up at 3600×1800 and the result was a point cloud of 6.5 million, lower than the original (Figure 12 ). The ICP algorithm reduced the error down to 0.0029 m with an homogeneous distribution of the points, useful for data integration ( Figure 13 ). For this example the overlapping error has been also evidenced through the representation of cross sections. The black outline represents the section generated from the laser scanner, the red one represents the image-based model referenced with the laser, the green section shows the performance of the ICP algorithm applied to digital photogrammetry. On the Cartesian plane the final error decreased to about 0.01 m. In this representation distances among different parts of the numerical model can be exactly measured. The reduced error between the clouds aided the surface reconstruction process of the cross vault, studied and analyzed though the innovative procedure.
Palazzo degli Ambasciatori in Rome
Another case study was carried out on the main façade of Palazzo degli Ambasciatori, the most representative building of the Coppedè district in Rome. It consists of three separate units combined in two triangular wings connected by a large arch, representing a triumphal entry.
The work focused on the south tower of the palace considering the height and the complex style used for its appearance. In this case only one scan has been used (outdoor 20 m and over, laser beam iteration 4×) and 30 images taken from the camera.
The laser model was composed by 6 million points while the image-based model by 53 million points. As in the other cases the ICP procedure was applied to correct the positioning error derived from the manual referencing have been generated (Figure 14) . The first one is based on the spherical projection centre, the second is based on the orthographic camera Figure 14 . The numerical models have been compared to evaluate the distance among the points with spherical and orthographic projections: a) laser scanner model; b) distance between laser and photogrammetry models through the classical georeferencing approach; c) distance between laser and photogrammetry models through the ICP approach (spherical camera); d) distance between laser and photogrammetry models through the ICP approach (orthographic camera).
characterized by a projection centre focused to infinity. The comparison among the three different numerical models points out some important aspects.
The starting mean squared error of the projected points from the laser on the unstructured model was 0.015 m. Although the error may be accepted, the ICP transformation further reduced the value down to 0.012 m (spherical camera) and 0.007 m (orthographic camera). Some consideration can be made on the starting projection error between the two models. Even if the MSE is not as high, the most overlapping error is visible in the upper part of the façade, considering the height of the south tower (20 m). The laser maintained the same accuracy for this distance while camera acquisitions were made from the main street and the greater distance of the subject in the upper floors decreased the resolution and the accuracy of the model. Although 9 markers were used for referencing the two models, the difference compared in the software (Cloud Compare) evidenced a gap of 1.5 cm in the upper floors of the palace (Figure 14b) .
Using the spherical acquisition from the same projection centre of the laser, the average distance can be reduced down to 3 mm and homogeneously distributed over the entire surface of the palace. However some area presented green values (1.2 cm and over), in particular on the sculptures that characterize each single floor.
The expedient of the orthographic camera allowed to acquire data with a projection centre with infinite direction. The orthographic approach reduced considerably the overlapping error on the façade (below a millimetre).
The Palace Tomb in Petra
The last example concerned the monumental Palace Tomb in Petra, within the project "The ancient drainage system of Petra: analysis and restoration for cultural heritage conservation. Methodologies applied to the conservation of the monumental Palace Tomb" led by dr. Gabrielli of CNR [21] . The tomb represented one of the most important rock-hewn architectures in the antiquity. Both carved in the lower part and built in the upper part, the façade is characterized by 5 different orders inspired by the Hellenistic palaces in the Roman Empire and the height of the monument is greater than 45 m [22] . Since 1976 some photogrammetric projects were carried out in the area in order to study the archaeological features and the degradation of the sandstone on the surfaces [23] .
Different acquisitions were performed on the Tomb in order to analyze data about the integration between laser and photogrammetry for accomplishing the surface reconstruction of the tomb and solving the problem of the shadow areas. An acquisition was provided with the laser scanner from the podium of the Royal Tomb (outdoor over 20 m). The photogrammetric project was made with the aid of an air gas balloon and a reflex camera positioned 10 meter from the façade. More than 300 images were taken at different heights and processed with SfM (Structure from Motion) systems (Figure 15 ).
The numerical model of the scan (from the centre of the tomb) was made up of 9 million points while the unstructured cloud of the image-based project was made up of 24 million points.
As in the other cases the procedure was applied to correct the positioning error of the photogrammetric cloud over the laser data. 10 GCPs were picked from the model of the laser for georeferencing the unstructured cloud. The starting MSE of the project was 0.082 m. Different tests were performed to change this value picking different points but the dimension of the monument conditioned the quality of the projection. The error cannot be accepted considering the common representation scale of the monument (1:50, 1:100). The theoretical graphic error may be a maximum of 1.5 cm for 1:50 representation scale [24] . Virtual Scan was used to transform the unstructured cloud and correct the matching error of the models. Virtual scan (orthographic camera) was performed considering the photogrammetric acquisition, made with a gas balloon, that covered the entire surface. The model was completely rescanned with a resolution grid of 2616×2980, producing a new point clouds of 8 million points, similar to the cloud of the scan and simple to manage with ICP algorithms. The ICP application decreased the general error down to 0.012 m with a good distribution over the entire surface ( Figure 16 ). The figure evidences the distance between the two models in different condition. In the first two images (a,b) the threshold was set up at 0.30 m, in order to highlight the different position of the models before and after the ICP application. Same colours can evidence, at the same time, positive or negative values. In the first processing (a) the only coincident part between the models is represented by the blue value. After the ICP process and maintaining the same threshold, the model appeared coincident on the entire surface (b). Decreasing the threshold at 0.05 m the average distance of the points is below 1.5 cm, inside the accepted graphic error for the 2D representation of the tomb. Red areas represent the integrated part of the shadow areas in the correct position.
CONCLUSION
Some considerations can be made as the conclusion of the paper. The presented research must be considered as a different interpretation of the processing phase of the survey pipeline and not the only solution. The analyzed procedure highlights a method for understanding and solving some questions around data integration in the survey.
The integration between laser scanning and digital photogrammetry represents a method of study important for accomplishing the documentation and the knowledge of an archaeological subject. However, it is equally important to find a correct procedure for matching data together. Both the techniques are currently very useful in the field concerning the Cultural Heritage. The laser scanner maintains the accuracy independently from the adopted resolution (set up for the different dimension and context), but the limit concerns the impossibility to survey the shadow areas of an architecture.
Digital photogrammetry is able to survey all the subjects but the quality depends mainly on the sensor, the optic lens used and the distance from the subject. These parameters can affect the results of an acquisition considering, for instance, the dimension of a monument.
The presented tests showed how the average error between the clouds depends on the referencing mode and the dimension of the surveyed subject. The transformation with the Virtual Scan together with the ICP procedure reduced considerably this distance making the two clouds more homogeneous. The applied procedure does not modify the geometry of the clouds but it moves the mobile cloud on the reference one comparing the distance among points. It is not possible to reach the coincidence between the clouds considering the errors in the measurements and the intrinsic errors of the instruments (systematic errors that cannot eliminated and are independent from the used procedure).
The main advantages of the procedure are the correct integration between two different data sources (unstructured and structured data) but above all the possibility of an accurate surface reconstruction (Figure 17) . The reduced distance of the points and their correct position aids algorithms for the meshing process and the entire interpretation of the data.
The integration of the two techniques allows to have the correct position of the object in space, a complete geometry and a defined morphology without shadow areas. Differences can be noticed in the figure below with the representation of the mythological dolphins (2 nd case study). The first image on the left represents the surface model generated from the laser scanner data, the central image the complete model generated through the integration of the digital photogrammetry after the Virtual Scan transformation and the ICP procedure. On this model it is possible to visualize the clear profile and the characteristics of the dolphins such as the scales. The last image concerns the application of the texture on the model for the final representation.
The consequence in archaeology and architecture consists in the possibility to generate the proper reconstruction of a monument starting from heterogeneous data and using a rigid method for the registration of the clouds.
The virtual scan is a suitable tool able to give useful information about the quality of the data and their position.
Future developments will concern the possibility to apply the method for integrating data between terrestrial laser scanner and image-based data from drones in order to verify the accuracy of the procedure at urban scale.
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